A protoplast transfection system has been developed for Lactobacillus bulgaricus. The procedure involves a polyethylene glycol-mediated fusion of bacteriophage DNA encapsulated in liposomes into mutanolysin-treated cells. With L. bulgaricus B004 and DNA isolated from the phage 4c5004, transfection reached a maximum when at least 95% of the cells were osmotically fragile. The incorporation of phage DNA into liposomes was essential; no transfectants were detected in the absence of liposomes. The largest number of transfectants was observed after longer periods (20 min) of fusion of mutanolysin-treated cells and liposomes with polyethylene glycol. The maximum efficiency of 5 x 107 PFU/,ug of DNA was reached after a 24-h incubation in growth media prior to plating transfected cells in an agar overlay to detect the appearance of plaques. A minimum of 4 h of incubation in growth medium after fusion was required to detect the production and release of virions. The possibility that the high frequencies observed were due to bursting of transfected cells and subsequent infection of additional cells was found not to be a factor. The number of transfectants observed was directly proportional to the quantity of DNA added. These results define conditions appropriate for the introduction of DNA into L. bulgaricus.
Lactobacilli are common inhabitants of the intestinal tracts of humans and animals and are used extensively for the production of fermented products. Recent developments of gene transfer systems in these bacteria have increased our knowledge of their genetics and plasmid biology (2) . The broad-host-range plasmid pAM(31 conjugally transferred to numerous Lactobacillus species: Lactobacillus casel (6), L. plantarum (18) , L. salivarius and L. acidophilus (21) , L. fermentum, and L. reuteri (20) . Recently, conjugal transfer of plasmid pIP501 into L. helveticus and L. bulgaricus has been reported (7) , and genetic transfer of plasmids encoding bacteriocin production and host cell immunity has been observed in L. acidophilus (15) . However, both intra-and interspecific conjugal transfers suffer from low efficiency, appear to be strain specific, and, to date, have been unsatisfactory for the construction of recombinant strains. Until recently, strain improvement by recombinant DNA techniques and study of the genetic organization of lactobacilli have been hampered by the inability to transform these strains with purified DNA. Techniques for effective protoplast formation and regeneration (9, 22) and for liposomemediated transfection of L. casei (3, 16) have been reported. Interspecific protoplast fusion between Lactococcus lactis and L. reuteri protoplasts has also been described (5) .
Protoplast transformation has been demonstrated recently in a number of Lactobacillus species: L. acidophilus (10, 12, 14) , L. plantarum (8) , L. salivarius, L. reuteri, and L.
fermentum (19) . Although protoplast transformation has been reported to occur at low frequencies, high-efficiency transformation of whole cells of L. casei by electroporation has been described (4) .
Because of its importance as a starter in the dairy industry, we have focused our attention on the development of a transformation system in L. bulgaricus. Our 10 mM MgCl2, 1 mM CaCl2). Phage DNA purification was performed as described for phage lambda DNA purification (11) by incubating the phage suspension for 30 min at 55°C in the presence of 100 ,ug of proteinase K per ml with 20 mM EDTA and 1% sodium dodecyl sulfate (SDS). Phage DNA was finally purified by equilibrium CsCl-ethidium bromide gradient centrifugation (11) .
Preparation of protoplasts. The protoplast technique described for L. casei (9) was adapted for L. bulgaricus. A 2% inoculum from an overnight MRS culture was incubated in 10 ml of MRS broth. The culture was grown for 3 to 4 h at (Fig. 3) ciently. Previous studies with L. casei demonstrated that when essentially 100% of the cells are osmotically fragile and have lost their bacillary form, they are devoid of peptidoglycan and are true protoplasts (9) . Effect of DNA concentration. We determined the dose response of transfection at various concentrations of phage DNA mixed with aliquots of the same protoplast suspension (Fig. 4) . For reasons unknown, very small amounts of DNA were inefficient in transfection. Amounts greater than 200 ng of DNA gave a proportional increase in the number of plaques observed with increasing concentrations of DNA. Saturation was not obtained for a concentration of 5 ,ug/ml (Fig. 4) .
Effect of the incubation time with PEG. The incubation time with PEG proved to be an important factor, since the release of virions increased with increasing exposure times (Fig. 5) . After a 20-min incubation, the transfection efficiency increased more than 100-fold compared with the efficiency after a 2-min exposure. The osmotically fragile. However, the relative efficiencies of both 6-and 24-h posttransfection incubations were enhanced with increasing exposure time to PEG. It is noteworthy that a very short contact with PEG (time zero), allowing only pipetting and mixing steps, yielded 102 PFU/,g of DNA after a 24-h posttransfection incubation, whereas no PFU were detected after only a 6-h incubation.
Effect of Ca2", raffinose, and other parameters on transfection frequency. The possibility that infected cells would burst during the lengthy posttransfection incubation in stabilized growth medium, giving rise to mature phages which could infect additional cells and inflate the frequency, was tested (Table 1) . Not surprisingly, phage were unable to adsorb to L. bulgaricus protoplasts. However, adsorption of phage to whole cells was not dependent on calcium or inhibited by raffinose. Raffinose inhibited an unknown step in the postadsorption infection of the bacterial cells by its homologous phage. Calcium was also required for postadsorption infection or phage development by whole cells. Furthermore, a control experiment, in which Ca2+ was removed from the stabilized media during incubation, yielded a transfection efficiency identical to that in the experiment in which the medium contained calcium. Knowing that Ca2+ was absolutely required for phage infection and that phage infection is inhibited by raffinose (Table 1) , we concluded that the observed efficiency resulted from transfection alone and not reinfection of protoplasts. However, it may be that the increase in transfection frequency that was observed between 12 and 24 h (Fig. 2) resulted from the bursting of protoplasts during long incubations and a corresponding inflation of the phage count. The temperature of posttransfection incubation (either 37 or 42°C) did not affect the efficiency of the transfection. However, phage plaques were not detected at 45°C, even though L. bulgaricus cells develop at this temperature.
Transfection of L. bulgaricus B032. We attempted to transfect protoplasts of L. bulgaricus B032 with phage 4c5032 DNA, which was propagated on the same strain. The sensitivity of this strain to mutanolysin was similar to that of strain B004 (Fig. 1) . Under the standard transfection conditions, the maximum efficiency of transfection was 9 x 102 PFU/p.g DNA, which was more than 104-fold less efficient than what was observed for strain B004. This result was obtained with cells that were 99.8% osmotically fragile. No transfectants were detected when only 83% of the cells were osmotically fragile. No further attempt was made to optimize the efficiency of B032 transfection.
DISCUSSION
In this report we describe the transfection of L. bulgaricus protoplasts by purified phage DNA. It is only the second example of the transfer of DNA into L. bulgaricus, since conjugal transfer of plasmid pIP501 has been described recently (7) . The basic procedure for preparation of protoplasts of L. bulgaricus is similar to that reported for L. casei (9) ; however, L. bulgaricus cells are much more sensitive to lytic enzymes. Either mutanolysin or lysozyme at low concentration, 1 to 10 pLg/ml or 25 p.g/ml, respectively, was able to produce protoplasts of strains B004 and B032 with high efficiency in 20 to 30 min. By contrast, a 4-h incubation with 25 ,ug of mutanolysin per ml produced only 14% protoplasts of L. casei ATCC 393 (9) ; with this organism, optimal conditions were a 1-h incubation with 10 ,ug of mutanolysin per ml plus 250 p.g of lysozyme per ml. On the other hand, lysozyme concentrations as high as 5 mg/ml alone or in combination with 30 p,g of mutanolysin per ml are used for L. reuteri (5, 22) and for L. acidophilus (14) . Furthermore, we were able to produce protoplasts of L. bulgaricus in different buffers containing 0.5 M sucrose or 0.5 M lactose as osmotic stabilizers with an efficiency as high as that observed when using raffinose.
We found that the maximal transfection efficiency of L. bulgaricus protoplasts was 5 x 107 PFU/,ug of DNA; this efficiency was similar to that reported in the transfection of L. casei protoplasts (106 transfectants per ,ug of DNA) (3) . At this point, we were aware that this high efficiency could be explained by the release of a second generation of virions during prolonged incubation in raffinose-containing MRS broth and subsequent reinfection of protoplasts to form new infectious centers (plaques). This possibility was discounted when it was established that phage could not adsorb to protoplasts (Table 1) . Raffinose was also found to block phage infection of whole cells. In addition, omission of Ca2" ions from the medium, which would be required for reinfection, failed to decrease the observed frequency. Therefore, reinfection by phage from lysed protoplasts does not appear to contribute to the high transfection frequencies we observed.
During the first 10 h of posttransfection incubation in expression medium, the efficiency increased, reached a plateau, and then continued to increase more slowly throughout 24 h of incubation (Fig. 2) (3, 16) . This result may suggest that exonucleases are present on the L. bulgaricus cell surface or that the lipid vesicle (liposome) promoted entry of entrapped DNA by fusion with the cell membrane. Optimal transfection was obtained after the cells were completely converted to protoplasts, as judged by microscopic observation, and by measuring the number of osmotically fragile cells on unstabilized media. These conditions were different from those found to be optimal for L. casei (3), for which spheroplasts (15 to 30% of the cell population converted to protoplasts) were able to take up DNA with high efficiency. Partial digestion of the cell wall also led to optimal transfection of S. thermophilus (13) .
Other parameters such as DNA concentration and incubation time with PEG have been found to affect the transfection efficiency. The saturating DNA concentration was over 5 pLg/ml. We have noticed variability in the efficiency of phage DNA preparations. It is possible that the phage DNA preparations contain several molecular forms which vary in transfecting efficiency. Although strain B004 was transfected with high efficiency, the maximum efficiency for strain B032 was almost 105-fold lower. The phage DNA in each case has been isolated from the indicator strain being transfected; therefore, the transfection efficiency appeared to be more dependent on the strain or the experimental conditions than on restriction barriers.
The aim in developing a transfection system is to find conditions that allow DNA entry into protoplasts that can be used for transformation experiments. This system has advantages in that no regeneration is required to detect foreign DNA introduced into cells. It is rapid and allows a large number of conditions to be evaluated. Protoplast transformation by plasmid DNA requires highly efficient regeneration. The ability of cells to regenerate decreases dramatically when they are complete protoplasts rather than spheroplasts (9; Boize et al., unpublished observations). Therefore, a highly efficient regeneration system must be found before an attempt is made to transform L. bulgaricus protoplasts. We have taken advantage of the information presented here to carry out successful regeneration and transformation of L. bulgaricus protoplasts by using plasmid DNA. Others studies are directed at evaluating the transformation of L. bulgaricus by electroporation.
